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"hare ire tjiroc pantral typoi of input and output 
equipment required for hirlwiod 1. T ;omo nrei 

a) Numerical 

35 ja .’ih will bo umi for nocrting and extracting 
numerical information fr.-sn the VVhlrlv.i• n’ Co-nputor. T..j general 
ouulino of ttw proposed system la given in M-73, Vol. 11. The 
Sastmeu Kodak Progreso ..eport in "ol 11 describes tha actual 
film rerdor-recordor in mere dcta : l. .I-ia project verk has born 
don© on automatic oonva. aion on l dacimal keyboard to binary 
nin-’ >rB on tho film. T. It work is ie scribed in a thc-Mo by 
David J. Crawford In Vol. 12. 1S-157 describes briefly tome of 

the requirements for nn output priutor. 

b) t'oehanioai anl Electrical 

"ho first work or. tho o? vers on frra noohanloal and 
electrioal Information to numerici1 ir. 'ormation for the oomputcr 
to use in simulation prcblems was done by H. P. Stabler. Hin 
report in Vol. 11, enti led Rorerci jIc denary Counter and Shaft 
Position Indicator desoribss this work. k-3S in Vol.’Ll describes 
a simple mechanical to Mrary coots.— .© • The report R-129 in 

Vol. 12 is a aurroy by Li. P. itnb’o- o’ tho whole oonvoraion probloc 
from ohf.f* position to bit iry numborn. Some of thono methods arc 
actually oonvoralon froir electrical quantities to bin*vry numbers and 
many of thorn can ho reverted for convcr :ng compute- output data :o 
plye:cal quaj-: lion. Tic prsjsct io eo-tinulng v/ork ' . those 
problem. 

o) Graphical 

Vo reports r.re givor on graphical recorders. It should 
be possible to us* one of tho grarhi -. recorders already dovolopc ‘ 
by the Kautamu Kodak Cc pr.nyfcr other purposes. 


» 
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CHAPTRR I 
Introduction 

In an electronic computer being designed at tbe 

1 

Massachusetts Institute of Technology, It was decided to use the 

p 

binary number system as the basis of operation? The binary system 

Is particularly adaptable to use In electrical systems because the 

binary Integers) zero and one , are easily represented by electrical 

signals of two values. In the past, the principal use of the binary 

number system has been In electrical circuits U6ed to count a series 

of events. In this application, the problem of converting the 

binary count of the circuit Into the equivalent decimal number is 

present. With high-speed computers now being designed to u 6 e the 

binary system of arithmetic, the opposite problem of converting 

a decimal number to its binary equivalent arises when It is desirod 

to feed data into the machine. The object of this thesis was to 

create the necessary circuits to convert data from the decimal 

system to the binary system and to store the result In a binary 
I 

register. 

It is possible for a person to convert a decimal cumber Into 
the bleary system by using arithmetic methods. The result 


1. Under the Division of Industrial Cooperation, Project WHlHLWItfD 


I 


2. See Appendix, page 63 , for description cf the binary number 
system. 
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I 

could then be recorded on a binary register by pushing buttons that 
would aet up the stages of the register In the correct fashion. 

Such a method is unduly alow, and for use with a high-speed computer, 
it is desirable to use a method that uses the fastest capabilities of 
a human operator. It is believed that a decimal keyboard of the 
ten-key typo with associated circuits to perfons the decimal-to-blnary 
conversion automatically is & good approach to the problem. Because 
the problem has not arisen in the past, there has been little work 
performed towards the solution previous to this investigation. 

This paper presents one of the many possible systems that could he 
used to perform the automatic conversion of a decimal number to the 
equivalent binary number. 

I 


I 
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CHAPTER II 
The General Syotem 


I 


1 


Basis of Operation 

Selection of a ten-key keyboard In preference to a 
matrix-type keyboard automatically determines a requirement of the 
decimal-to-blnary conversion circuit. On a matrix-type keyboard 
(such as those on a Monroe, Merchant, or Friden calculator), there 
are ten keys for every digit in th9 number to be recorded, their 
physical placement Indicating the relation of each digit to the 
decimal point. For the ten-key tyoe of keyboard (such as the one 
U9ed in a Sundstrand calculator), the sequence in which the digits 
are recorded determines their placement with respect to the decimal 
point. The digits of a number are normally read from left to right, 
the firot digit to be recorded appearing on the left in the re¬ 
corded result, and the last digit appearing on the right. To 
accomplish this operation, each time a key is depressed the 
previously-recorded digits are each shifted one place to the loft 
and the new digit entered In the units column. Shifting the digits 
one place to the left in the decimal system is the equivalent of 
multiplying the number by ten. We have therefore made the require¬ 
ment that our conversion circuits nust have some means for multi¬ 
plying previously-recorded results by ten, eacfc time a key is 
depressed. 
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Another requirement of almost any declmal-to-binary con¬ 
version system Is that some form of biliary register is necessary to 
store the final results. The exac form of the register la determined 
by other considerations, such as the use of the register to perform 
operations necessary in the convention process, but these require¬ 
ments will be discussed later. 

If the previous requirements are met, the actual conversion 
of a decimal number into its binary equivalent is simplified, 
because decimal-binary equivalents are required only for the ten 
decimal integers, zero through nlot. These equivalents are as 
follows; 


Decimal Integer 
0 
1 

2 

3 

U 

5 

6 
7 

s 

9 


Binary Equivalen t 
0 
1 

10 

11 

100 

101 

110 

111 

1000 

1001 


Such a conversion may be accomplished by a relatively 
simple, matrix-type of circuit. 
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We have now considered all i.he elements nece 6 eary for 

the complete decimal-to-binary con'rereion system* a keyboard to 

enter the decimal number, a binary register for recording the final 
• • 

result, circuits to multiply the number In the register by ten each 
time a key is depressed, and a circuit to convert a decimal integer 
Into its binary equivalent. A simplified block diagram is shown on 
A-- 30568 , page 6 . The sequence of operations is straightforward. 

Bach time a key is depressed, the number in the register is multi¬ 
plied by the binary equivalent of ten, and then the binary equivalent 
of the decimal Integer corresponding to the depressed key is entered 
into the register. 

This system will only handle decimal numbers that have no 
digits to the right of the decimal point. Digits that are to the 
right of the oint, whether in the decimal or binary system repre¬ 
sent fractions. There is no simple means of converting numbers of 
this nature from one number system to the other. 

System Details 

The nush-button circuits are arranged so that depressing 
any pu?h-button creates a mils* to start the timing circuits. Each 
button is also connected to a conversion matrix so that the circuits 
representing the binary components of the decimal Integer are turned 
on. When the timing circuits pul 01 the conversion matrix, the binary 
number is added into the register. 

Multiplication of a cumber In the binary system is entirely 
similar to the process used in the decimal system except that the 

l 
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binary multiplication table ie mucii smaller than the decimal multi¬ 
plication table. Th' 1 binary multi plication table is as follows! 

OxO" 0 1x0-0 

Oxl-O lxl-1 

Consider the multiplication of a binary number, 10111, for example, by 

the binary number 1010 (decimal number ten). 

10111 multiplicand 
1010 multiplier 

101110 multiplication by binary 10 or (2 ) 7 
101110 multiplication by binary 1000 or (2') , . 

11100110 result-multlollc&tlon by binary 1010 or (2' 2 ) 

Inspection of this example reveals thit the desired multiplication 
may be achieved by first shifting the multiplicand one place to the 
left (multiplication by 2*), This result shifted two additional olacea 
to the left is the multlolicand multiplied by 2^. Adding these two 
partial products completes the multiplication. 

The binary register and associated circuits permit oper¬ 
ations that cannot be performed by en ordinary binary counter. The 
circuits are arranged so that all digits of a binary number may 
bp added into the r*glater simultaneously. By means of a pulse from 
the timing circuits the number in the register may be shifted one 
binary pi ce to the left, such a fhift being the equivalent of mul'ii- 
plylng the number by two. (This is analogous to a shift of a decimal 
number one place to the left being equivalent to multiplication by ten). 
Other circuits connected to the register permit the stored number to 
be read from the register in the form of pulses without erasing the 
stored number. The combination of these features permits the multi¬ 
plication of a number in the regluter by the binary number 1010 In 
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the manner Just described. The tiling circuits control the 
operational sequence 

In view of the details Just described, let us again review 
the sequence of operations that ocput when a koy 1 b depressed. First, 
the push-button circuit creates a trigger tliat starts operation of 
the timing circuits and turns on tie circuits In the conversion 
matrix that represent the binary components of the decimal Integer. 

The trigger causes the number In the register to shift by one binary 
place. The number in the register is now read out, shifted two 
binary places and returned to the 'e’lster inhere It is added to the 
number already present. The multiplication process having been com¬ 
pleted, the circuits of the conversion matrix are read and the binary 
equivalent of the decimal Integer Is added to the count In the 
register. This entire process is repeated for each digit of the 
decimal number until?, all digits hws been entered. At this point, 
the binary number in the register nay be recorded or entered Into 
the associated computer, and the binary register may be cleared. 
HepreBentatlon of Kunbere 

The binary system lends Itself readily to the representation 
of numbers by electrical moans because a zero may be represented by 
the ,absenco of a signal and a one by the presence of a signal. In 
the circuits used In this thesis, a parallel method Is used to trans¬ 
mit a number from one place to another. Such a scheme is shown In 
.4-30569, page 9« A separate wire Is used fer each digit of the 
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number and all digits are transmitted simultaneously, a pulse on a 
line representing a one, and Absenre of a pulse meaning a zero. 




I 
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The Binary Register Operation 
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Introduction 

The primary purpose of the binary register la to store 
the final number until needed. If suitable circuits were connected 
to a set of flip-flops (Ecclee-Jordan trigger circuits) the 
flip-flops could be used as the storage elements. In the practical 
case, however, the register Is used to perform functions other than 
storage and therefore must be equipped to accomplish these other 
duties, As previously mentioned, the register must be capable cf 
receiving all digits of a binary number simultaneously and adding 
them to the number already stored. To perform the multiplication 
process It must be able to shift the stored number and oIbo have 
circuits to read the number out of the register and add It back In 
at a different position, '^he following discussion will show how 
this specialized binary register is evolved from the ordinary binary 
counter. 

Components 

One of the moat common forms of high-speed binary counter 
utilizes flip-flops as the basic element of construction. Such a 
trigger circuit (shown In A~30*>70, page 12) normally han one tube 
conducting and the other tube biased below cut-off by the condition 
of the first tube. If a suitable trigger pulse (a pulse of short 
duration) of either positive or negative polarity is applied to both 





- 305)^0 
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grids simultaneously.. the states of the two tubes will be interchanged, 
the flrnt tube beaming cut off and th<* second tube conducting. 

Another trigger will flic the circuit back to the original position. 

It is thus seen that two triggirs -.to necessary to perform one com¬ 
plete cycle of operation, the <aveform on the plate or grid of one 
of the tubes rising or falling only once for every two input flggere. 

If the condition for tube A to be conducting la considered 
the zero position of the circuit when uaed as a binary element, then 
the first trigger fed to the circuit will flip it into the pne 
position, with tube B conducting. The next trigger will flip the 
circuit back to tbe nero posit .on and will cause a sudden negative 
drop in the plate potential of tube A. If this wavefront ie fed into 
a circuit such ae ax. R-J.-C pea':er\ a trigger pulse will reeult that 
may ae uaed to drive a succeed..ng flip-flop stage. Such a pulse is 
known as a carry pulse and is produced each time the flip-flop com¬ 
pletes a cycle. 

A reset or clearing trigger is one thut is applied to toe 
grid of tube A and serves to restore the flip-flop fron the one to the 
zero position. Such an operation produces an ordinary carry trigger. 
However, if the flip-flop is originally in the zero position when tie 
reset is applied, it will have no effect. By coupling a eerier, of 
flip-flops together through peiJting circuits that produce one output 
trigger for every complete flip-flop cycle, a binary counter in formed. 
Such a counter is sho'P in block form in X- 30571. page l4. 


I 


1. The o leration of an R-h-C peaker is explained more fully on pag» 2c. 
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This ordinary tyae of countar may be used as a binary 
storage register, each succeeding otage reprosenting the next higher 
power of t'O. To aid another binary nunbe' to a number already 
stored lr the register introduces complication!! if an attempt is 
made to introduce -.11 digits of the nev number simultaneously into 
their respective binary stages. The addition of the nev'number may 
generate carry pulses rhlch would interfere with the digits belig 
introduced. Therefore, some modification of the counter is neces¬ 
sary if it Is desired tc add all digits simultaneously. 

The introduction of delay stages overcomes the difficulty 
in a manner th is described in the noxt section. When a delay et ge 
receives a trigger pulse, it stores it for a fixed period of time 
before delivering the pulse at its output terminals. 

To read a number out of tho register, a form of coincidence 
mixer. Ox gate circuit, is used. When pulsed, such a reading stage 
will produce an outout pulse only If the flip-flop is in the one 
nositlon. 

Oper; -.ions 

1. Addition 

The f 1 lp—flop6, peakers and delay stag's connected to forn 
the binary register are shown in block form in k- 30572, page l6. 

When a number, in the form of puleeB, la added into the register, it 
is temporarily stored in the delay stages until the set of input 
pulses representing th t number have subsided. The delayed pulses 
are then applied to the flip-flops. If a carry pulse 1 b produced by 




.'.Hr 
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a flip-flop and ite peaker, it passes through a del iy stage hefo:*i 
reaching the next flip-flop. In this manner, a carry being produced 
by a flip-flop cannot he interrupted hy the input of a o-.rrr P^ 
from a orevious flip-flop stage. In other words, a flip-flop a 'ays 
has a chance to reach equilibrium after receiving a pulse befoj <’ it 
receives another pulse. 

2. Shifting 

If a clearing pulse is simultaneously (spoiled to air the 
fllv'-flop8 in the register, all the flip-flops vill be restored to 
their aero positions. All flip-flops that were originally in the one 
position generate carry pulses when they are restored. These 
carry pulses therefore represent the cumber that w e stored it the 
register before it v =.s cleared. The carry nulsee are stored in the 
delay circuits until after the clearing pulse has subsided. W3: m 
these carries are delivered, the original nositlon of each fll >flop 
In the register is transmitted to each adjoining flip-flop, or, the 
number has been shifted b; ouu ^lrjee. 

3. Beading 

In the multiplication process previously iescrlbed, af or 
the number in the register has been shifted it is then necessary St* 
read the number out of the register without disturbing the settings 
of the register flip-flops. T 0 accomplish this result, each 
flip-flop exepot the first one in the register has a reading circuit 
(see page 15 ) connected to it. The first flip-flap is always in the 
zero position after a shift so it needs no reading circuit. The 
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arrangement of thee-- reading circuits with reject to the register 
stages is shown in block form In 30573 . page 19- Bach rejoin; 
stag' is connected so thit Its ourptrt Is fed to thn delay inout >f a 
flip-flop two st ges removed from the input of the re-ding stage.. 

4. Multi jlicatlon 

let us review the multiplication process now that sons of 
the details of the binary register have been deectibsd. Tie correct 
sequence of pulses to control the multiplication ia supplied by ;he 
timing circuits that will be described in detail aftpr their require¬ 
ments have been discussed. First, a clearing pule a aoplled to all 
the register flip-flops shifts the number over one place to the left. 
(Multiplication by 2^). When the shift has been completed, a 
reading puls» energises the reading circuits, obtaining pul jcs 
representing the original number multiplied times 2^. The wiring of 
the outputs of the reading stages shifts this murte.- t to additional 

places to the left. The number that Is added back into the register 

v 

by the reading circuits le therefore (2** 2^) or £' times the 
original number stored In the register. When this pal tlal oroduct is 
added Into the register (which still contains the original number 
times 2^), the net result is (2^ f-2^) times the crlg^nal r usber. 
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CHAPTER IV 

The Binary Register Circuit a 
In the previous chapter v.'e considered the functions of the 
binary register and the requirements of the individual component a of 
the register. We will now consider the details of the circuits used. 
Flip-flop 

The schematic diagram of a flip-flop s:ag^ of the reg: ster 
i= shown in A-30574, page 21. A positive oulse at the trigger in >ut 
will cause th«- circuit to flip over from itn original state. All 
three germanium-crystal diodes are used as decoupling elements. 

The diodes connected to the trigger input prevent counting 

between the too grid circuits, and the dlado ir. thn clear incut prevents 

interaction from the other flip-flops on the cl ear inr-pulse bus. 

The neon bulb glows to indicate the flip-flop ii thn on« position, 
when tube B Is conducting. The small condensers tend to compensate 
the plate-to-grld voltage divider for the input capacitance of the 
tube. Both the clear and trigger input sources are biased below 
approximately eight volts so they do not interfere vith the flip-flop 
operation. 

The flip-flop stage will ooerat- at a trigger repetition 
rate up to approximately 1.5 megacycles. When used In this 
decimal-binary conversion circuit the trigger repetition rate n»v ar 
exceeds 0.67 megacycles, so there is a margin to allow for variation 
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In circuit parameters. The relatively hirh speed of operation i'l 
not ea ential to the basic principles of the ccnvorier wiien the con* 
verier is vorking from a ouch-button innut. However, the highspeed 
make6 the delay circuits more compact and provides for the o sslbillty 
that the circuit might be used with high-speed electronic input. 
Oate-peaker Circuit 

The functions of a nceker circuit to produce a c.^rry pulse 
from a flip-flop output, and a reading circuit to determine the 
position of the flip-flop have been combined lr. e. one-tube circuit 
shown in A-30575* page 23. It utilises a T.voe 6as'j pentode. Thin 
tube is especially designed for gating applications, having 
suppressor-grid characteristics similar to those of its sharp-cutoff 
control grid. 

Let us first consider the operation of the peaker circuit. 
When the circuit is acting as a peaker, the plate current is cut off 
by a negative bias on the suppressor grid, and the plate circuit does 
not enter into the operation. The control grid of the 6aS6 is 
connected through a sesiee resistor to the grid of the associated 
flip-flop. The grid of the flip-flop is normally at a positive 
potential of about 1.6 volts when the flip-flop is in the one position, 
so the series resistor is necessary to prevent tha 6as6 grid current 
from loading the flip-flop. 

The screen grid of the 6kS6 Is connect id to its positive 
supply voltage through an inductor. When the flip-flop connected to 
the peaker lnout is In the one position, the control grid of the 
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6aS b 1 b slightly positive with roep»ct to the cathode and a cu rent 
is built up through the screen-grid dr.-■At InAaoter When t'«r 
fliT-flon is triggered to the zero -position, the . creen-grid njrrent 
of the 6AS6 is suddenly cut off. The interruption of screeo-grJd 
current causes an oscillatory transient to appear at the screen grid, 
the inductance resonating i lth the str-iy c. oarltsrce. If there i re 
no load connected to the 6creen-grid circuit, the waveform would e 
an exponentially d.'jnped sinusoidal oscillation with thp initial 
half-cycle positive. 

The outnut of the screen grid is oapaeitively coupled 'o a 
damping resistor that is in series with a gemani m diode. The 
polarity of the diode connection is such that there is practically 
no damping for the initial positive swing, but the resistance damps 
out the oscillation on the negative part of the cycle. The value of 
the resistance is approximately that recuired for critica. iampi'.g so 
that the transient is damped out in the shortest possible time without 
a positive overshoot. The outnut of the oaaker circuit i a positive 
pulse th t renr- sents a carry. 

When the flip-flop Is returned to the one posli l><n, the 
control-grid potential of the 6 as6 1b made positive, causin, a negative 
pulse at the screen grid. This negative oalse is overdamped \v the 
tube resistance and the damping circuit, however, and has no ef. 'ct on 
succeeding circuits. 

Placing the damping circuit after the coupling capacitor has 
advantages over the more common method of having the da/wpin : clrsuit 
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directly across the Inductor, With the latter motnod, an extra 
resistor Is required as the d-c return for the coupling capacitor. 

The extra resistor reduces the nosltlvo-pul3e amplitude by introducing 
extra damping. If the resistor lias a high value si chat it doe; not 
appreciably dasn the pulse, then there is danger of building up a 
bias on the capacitor vhen the next stag' draws grid current. Such 
a condition is usually undesirable, particularly wien the random 
repetition rate of the pulses would make the bles variable. Using 
the damping circuit as the d-c return for the capacitor eliminates 
both troubles. The resistance for the positive-pulse voltage is high, 
and the resistance for negative voltages is low, preventing a build-up 
of bias. 

To read the position of the flip-flop, it is desired to 
obtain a iulse from the 6 as 6 plate circuit If the control-grid voltage 
of the &kS6 is positive. The plate circuit is similar to the 
screen-grid circuit, having an inductor, coupling caoacitor, and 
damping clrcu.t. If the plate current is allowed to build up through 
Its Inductor, and is suddenly cut off, the derired positive pulss is 
produced In the same manner *s the oulses of the screen-grid circuit. 

Certain precautions must be taken, however. The plate 
current has a direct effect upon the screen-grid current, an increase 
in the plate current causing a decreaso in the screon current. If 
ihe plate current is abruptly Increased, the 3uddcn decrease in 
screen-grid current causes an undesired positive rulse from the 
screen-grid circuit. If the nlate current is increased at a rate that 
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le slow compared to the period of the oscillatory transient, the slow 
increase In the ecreen-grid current c uinot produce a pulee. 

The correct result is obtained by driving the suppressor 
grid with a sawtooth waveform. This voltage, icnovm as the reading 
pulse , slowly increases the plate current (if the tssociated flip-flop 
is in the one position) and then abruptly cuts it off. A positive 
pulse is produced at the plate that represents the digit stored in the 
flip-flop and is called an adding pulse . A annll negative pulse is 
produced at the screen grid vhlch does no harm. 

Delay Stage 

The delay stages used in the binary register had to meet two 
main requirements. The first has already been described, namely, the 
circuit ehould be able to receive a oulee at its inut, store it a 
definite oeriod of time, and then deliver a pulse at its output. The 
nature of the particular carry circuits used in this register imposes 
the second, requirement. The delay stage must be able to receive an 
input nulse at the emne time it is delivering a pvj se at its output. 

This second reouirement eliminates from consideration ordinary 
mul'.i-vibrator-peaker combinations, although speciid. circuits could 
probnbly be designed. It was aleo desired to keep the number of tuber par 
binary-register stage down to a minimum. 

Commercial, continuous-wound delay lines seemed to offer a 
good solution. These lines come in a variety of ltngthe end impedances, 
and are relatively convenient to use. A photogrant of V o of these linos 
is on page 27. The delay line could have been user in a stralghtforv rd 
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circuit where the nulsr is fed In at one end of the line and rece ivfed 
at the other. The characteristics of the tvin-trlode fli-o-flope 
were such that it wa ! felt a delay of at le ist one flicrosecond van 
necessary, more delay being desirable. A one-microsecond delay l:.ne 
is about twenty-two Inches long, and such a lire in each register stage 
would cause considerable contructional difficulties. 

More delay per unit length was achieved by taking 
advantage of reflections. A single-reflection scheme, whereby a 
pulse of one polarity applied to a line is reflected at a short-circuit 
at the far end and returned as a pulse of opposite oolarity, could not 
be used because the input and output circuits of the delay stage had 
to be independent. Drawing A-3057^» page 29, shows the circuit used. 
The tube is normally biased below cutoff by tuo grid circuit. The 
grid receives oosltive nulses from a diode mixer that serves to 
Isolate the t* o or three circuits that may feed the grid. 

’Alien a oositlvp puls® is a^Hod to the ■jrid, the line 
temporarily aopears as its characteristic Impedance (l,000 ohms), and 
a negative pulse is generated across the line. The negative pul3e 
travels down the line and after the one-wcy delay ime of the 11ns 
(0.5 microsecond) it aopears.at the far end. This end of the llns is 
terminated in a germanium dioue in parallel with the characteristic 
impedance of the line. The polarity of the diode is arranged so that 
it a-pears as a low resistance (approximately 100 ohms) for a negative 
pulse and a high resistance (greater than 0.1 negobn) for a positive 
pulse. 
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Because the 11a* appenrs to bo terrains led In much less than 
Its characteristic impedance, the negative pulse la returned to the 
tube as a positive pulse. When the positive pule! reechos the end of 
the line it Is reflected without change of polarity, bscauao the tube 
Is cut off and appears as an open clroult. The r-flected positive 
pulse travels through the line and appears across the terminating 
resistor at the output. As In the damping olrcult for the packers, 
coupling the terminating resistor through a onpneitor possesses ad¬ 
vantages. The total delay between Input and output pulaos Is equal to 
three tires ul.oone-way delay of the line, 

agjJj.Ut Stage 

A single stage of the register Is shorn In B-30£'?7, page 31, 
to Illustrate the aethode used to oouple the stages together, Ssrmanlum 
diodes form mlxera wherever It Is necessary to feed several Inputs 
into one point. They serve to Isolate the stages. Such a need arise a 
at the input to some of the delay stages, where It Is necessary to 
feed carry pulses from the preceding stage, adding pulsos from another 
stage and digit irnlses (to be described later) from the conversion 
matrix. Direct coupling Is used between the flip-flop and the 
peaker stage because the time between successive operations may be 
measured in microseconds or hours. Capacitive coupling Is ueed to 
pass ths pulses because they are approximately 0.; 5 microsecond wide 
and the repetition period Is never lees than 1.6 microseconds. 

t 

A complete stage of the register requires three trlodesmd 
a pentode, or two and one-half tube envelopes If twin triodea are uaad., 
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CHAPTER V 

The timing and Conversion Circuits 
Timing-Circuit Requirement 6 

The details of the binary register automatically doternlne 
most of thp reoulrrmenta of the timing circuits. The important 
waveforms are 6 hovn on A-- 3 O 578 , page 33 . The operations, broken up 
into units of time (eachunit 1.5 microseconds lone;}, are as follows* 

1. Clearing pulse initiated by push-button circuit which olsars 
register flip-floos and generates carries, C rries stored in 
the delay stages. 

2 . carries delivered from delay stages to the flip-flops, com¬ 
pleting the shift of the number in the register. 

3 . End 0 f reading pulse causes reading circuits to read Vie 
number out of register and add these adding pulses, shifted 
over by tvp places, into the delay stages. 

L. Delay stages deliver the adding pulsen to the flip-flops, 

completing the oultlolicatlon. End of dlslt pulse reads the 
binary digits of the decimal integer from the conversion 
circuit into the delay stageH of the register. 

5. Binary digits delivered from the delay stages to the fllo-flope. 
Action of the circuits are complete except for any carries 
that might propagate throughout the register. 

The above sequence reouires throe waveforms from the timing 
circuit*, th<* clearing pulse, the reading oulse, end the digit pulse. 
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Because the digit pulse energises circuits in the jonversior, matrix 
that are similar to the reading circuits of the register, it can he 
of the snma shape as the reading oulse. 

Push-Button Trigger Circuit 

Because a nush-but*.on type of switch d>es not mike a 
definite contact • hen it is dporessed, a circuit must be used to 
insure that only one trigger is produced for each msh-button operation. 
The first scheme attempted was the u e of a flip-' op that was connected 
to the switch contacts. The diigr-ia is shown in -V-3°579. page 
With the circuit at rpat, the normally closed contacts of the switch 
apply a positive potential to tube A of the fllp-f .op, insuring Its 
conduction and therefore keeping tube B cut off. if the button is 
pushed, the normally closed contact of the switch .s opened, having 
no effec. on the fllo-flop. When the button reaches the bottom of its 
travel, the othrr contact is closed, applying a poiitivo potential 
to tube B of the flip-flop, causing the circuit to flip to its other 
stable s.ate. Once the Condition ha* been establi >hed, the circv.it 
remains in that state regardless of breaks in the avitch contact. 

When the push-button is released, the other contac . is again clcied, 
restoring the flip-flop to its original condition. 

This scheme requires a flio-flop for each push-button, the 
grids of the flip-flops being connected through a diode raixor tr an 
R»I—C peakcr stage. The connections are arranged so th *, ashing an ' 
button cuts off the R-L-C peaker, producing a poai ive pulse, ihe 
othpr set of flip-flop grids ore connsctcd to the -.onvcrsion mntiix 
to set up the binary digits of the decisial Integer . 
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Besides requiring many tubes and clrtuit component,a, the 
flip-flap stages wore not always stable under toe Bevere operating 
conditions. The baetc resistance of the geramnlum-dic de mixer circuits 
produced a heavy load on the flio-floo grid circuiti). This loading, 
plus the long length of grid leads that were necsastuy, made the 
flip-flop operation erratic. 

The flip-flop circuits connected to the rush-button were 
discarded In favor of a simpler circuit composed, of two gas-filled 
thyratons shown In B- 3 O 58 O, page 37. One side of all the normally 
open contacts of the pueh-buttons Is connected to a rositive potential 
of about twenty volts. The other terminals of thp contacts are 
connected through a diode mixer to the grid of gsa tube VI. Thore 
is also a parallel set of connections to these terminals that goes 
to diode mixers in th conversion matrix. These connections to the 
matrix normally provide a negative bias of about thirty volts, so 
taat the gas-tube gild voltage is below firing potential. A negative 
bias on the shield grid makes the firing poirt of th> contrlgrld a * 
positive potential of about eighteen volts. The normally closed 
contacts of the push-buttons are connected in a series circuit that 
permits the charging of a 0.01 microfarad capacitor to a positive 
ootentlal of 1^0 volts. 

Pushing any button breaks the charging c.rcuit, temporaj-lly 
leaving the c-.oacitor with a net charge. When the bottom contact of 
the switch Is closed, the control grid of the ga 6 tube Is connectet' 
to a positive, twenty volt potential, and the tube ftres, discharging 







APPROVED FOR PUBLIC RELEASE. CASE 06-1104 















APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 




3« 

the capacitor, 'l'he discharge produces a oosltlvp waveform across the 
cathode resistor that has a sharply rising front and an exponential 
trail-off. When the condenser voltage drops helov a critica. point, 
the tube goes out. The circuit cannot be operated again until the 
push-button is rele sed and the condenser has tine to recharge, there ¬ 
fore only one pulse may be produced for each push of a button. 

The output pulse of theflrst gas tube does not have the 
correct amplitude or waveshape to act as a clearing oulee fo- the 
register flip-flops. It serves to fire the second thyr u tron which 
has a oulse-foralng network in Its elate circuit. The netvo-k con¬ 
sists of a small capacitor, an Inductor, and the stray plate-to-ground 
capacitance of the tube. Such a pl-typs network suy be considered, as 
a section of an artificial transmission line. It is normally charged 
up through a resistor to the l^O-volt supoly potential. When the 
wavefront from the first gas tube fires the second tube, the network 
in discharged, producing a single positive oulee across the cathode 
resistor. The pulse is about 0.25 microseconds wide at the base, and 
the amplitude of the outnut may be adjusted by moans of the 
CUSAlt-PULSK AHPLITUE5 potentiometer. This second gas tube circuit 
could not be operated directly from the push-buttons because the 
storage capacltore are so small they vould lose tb-ir stored charge 
through stray leakage during the time of oush-button travel. The 
cathode resistor is returned to a negative bias so that the output 
may be directly coupled to the register flip-flop strges. 
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Conversion M atrix 

The conversion circuits to change the decimal Integers into 
their binary components are also shown in B-- 3 C 58 O, page 37« and con¬ 
sist of four diode mixers to prevent interaction between the 
push-button circuits, and four gate tubes (coincidence mixers) to 
act as reading circuits. Each gate tube represents a binary digit 
and the output of each stage is connected to the delay input of the 
flip-flop in the register representing the particular binary digit. 

The normally open contact of each push-but'.on is connected 
through gerund \a dlodee to the grid clrcuito of the gate tubes repre¬ 
senting tbe binary component a of the particular declm/d integer. 

For example, the number seven push-button is connected to the 2^, 

2~, and 2^ gate tube grid circuits (7 = 2® 4 2* f 2^). 

1 Vhen a button is depressed, the grids of ti e associated 

gate tubes are turned on by the positive potential supplies through 
the oush-button contacts. After three time units (U.Ji microseconds), 
the gate tubes that have their control grids positive, transmit their 
digits Into the register when the digit joulse eudlenly cuts off the 
plate current by means of the suppressor grid. 

The potential applied to the control grids of the gate tubes 
is connected through series resistors so that grid current prevents 
the gride from being driven appreciably positive. The grid-return 
resistors are connected to a source of minus thirty vclts bias to 
keep the tubes normally cut off. The grid-return resistors hav-j a 
low value so that when adjacent gate tubes ere turned on, the back 
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resistance of the diodes In the mijer circuite will r:t raise the bias 
of a non-energlsed stage above cut-off. 

It Is essential that the correct gate tubei have thes.r grid 
voltages positive 4.5 microseconds after the push-button fires he 
gas tube that generates the clearing pulne. If no precaution wore 
taken, it is possible for the push-button to make an intermittent 
contact thit would fire the gat tube, yet permit the gate tube grids 
to be biased off 4.5 microseconds later vhen the digit puls* It 
supposed to read the digits from the gate tubes. To overcome thlB 
difficulty, a capacitor Is connected from each ounh-button content 
to ground, and the firing point of the gr.s tuba purposely adjusted so 
that it 18 about eighteen volte positive. The oueh-tdtton content muet 
be made long enough (about twenty microseconds) to charge the oap&citor 
up to the firing voltage of the gae tube. Even If the contacts open 
at the lnetant the tube fires, the time constant of the condenser 
dissbarge is large enough eo that the potential of the condenser will 
still be poeitlve 4.5 microseconds later. 

Heading-pulse Generation 

The waveshap9 requirement on the reading pul Be is that It 
should rise slowly and have an abrupt drop. The rise nay start at any 
time after the clearing pulse and the drop should occuu' two time units 
(3*0 microseconds) after the clearing pulse. The circuit to generate 
thin pulse is shown in block form in A- 3 O 58 I, page 41, and in detail In 
B-30582, page 42. It consists of a flip-flop end delaj- stage that It 
used to generate a gate three microseconds long, a sauiooth generator 
controlled by the gate, and a cathode followor output ntage. 
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The flip-flop, which la normally in the tero posit ion, Is 
triggered Into the one position by the clearing pulfe. The clearing 
pulse It also applied to a delay stnge, After three microseconds, the 
delayed clearing puloe Is delivered to the opposite side of the 
flip-flop, resetting the flip-flop to the zero position. The vhole 
operation produces a negative, throo-mlcrc second gtte that 1;; applied 
to the eawtooth generator. 

The sawtooth generator lo a trlode with e high value of 
resistance In series with the plate. The tube la normally conducting 
until the gate from the flip-flop cuts it off. Wb«n this occurs, the 
stray plate-to-ground capacitance In charged by currant from the plate 
reslet.'jr. The plate voltage therefore rlr.es towards the supply voltage 
exponentially. Before It rlsee by more than about forty volts, the 
three-microsecond gate ceases and the low resistance of the tube die- 
chargee the stray capacitance <rulcW.y, causing .in abrupt fall In the 
plate voltage. The amplitude of the siwtcoth that Is produced ie con¬ 
trolled by resistance of the SAWTOOTH AMPLITUDE rhrostat which varies 
the time constant of the exponential rise. 

The sawtooth Is capacltlvely coupled to r trlode-connected 
6AQ5 cathode follp-mr. This relatively high-perr<iarte tube was 
nncssnary to feed the combined paralle. lead of a 1,000-ohm delay line, 
a 1,000-oha outout cable for a possible additional chassis, m 4 the 
tupreosor grids of all the gut' tubes. Because the suppressor grid' 
are dirlven positive, they form an appreciable load. 
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When the CLEAR push-button lo depretped, complications arl 
because the CLEAR button grounds the clearing-pulse hue. The operation 
leaves the gate-generating flip-flop In the one position unl?B8 ft reset 
method Is provided. To perform the reset, the normally closed contact 5 
of the CLEAR button are wired so that they produce t positive pu3.no 
when the button is released, which is applied to ch: flip-flop. 

Digit-pulse Circuit 

The digit pulse to read the gate lutes ' the conversion matrix 
has no requirement on shape except th<-t it must suddenly cut off the 
suppressor grids one time-unit (1.5 microseconds) e.'ter the end of the 
reading pulse, for convenience, the digit pulee is formed by deifying the 
reading pulse through 1.5 microseconds of delay llr* terminated it. 
its characteristic impedance. Ho simple means of using delay-lino 
reflections to shorten the required line being available, the 
thirty-four Indies of delay line were used directly 
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CHAPTER VI 

Construction and Operation 


The Completed Unit 

The block diagram of the whole unit 1b e'lowr. In C- 3 O 30 S, 
page 46, and shove how the basic parts of the converter are inter¬ 
connected. The complete schematic diagram shown in E- 0^S3, page 47, 
has the circuits placed in approximately .he same arrangement as the 
block diagram. Five complete register stages wore built, plus a 
sixth flip-flop that had no associated gate-peeker atuge. 

The entire unit, exclusive of power supplier., was built on 
s 13 by 17-inch chassis. Photographs are shown on nages 4g through 
53. The chassis contains a set of innut push-buttons, cosiplete 
circuits to perform the declmal-to-binary conversion, neon bulbs to 
Indicate the converted number, coaxial output Jacks for connections 
to a chassis containing additional register stages, and a plug to 
oonnect a remote keyboard and neon-light unit. The corxial outputs 
are designed for use with type BC- 65 /U, 1,000-ohm cabli that may bo 
terminated in its characteristic impedance when connected to an 
additional register chassis. 

The elimination of the flip-flops associated with the 
push-button in favor of the gas-tube circuits accounts for the ten 
empty tube sockets on the chassis. At sons future date some of these 
flip-flops may be converted into additional register stages, so 


they vere left intact 
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CHASSIS, BOTTOM VIEW 
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In general, all circuit components except series grid reeiatora and 

delay lines were mounted on terminal boards and leads connected 

from the boards to the tube sockets. The germanium crystal dlodse vere 

mounted as far as possible from power-dissipating reel'. tors, and care 

was used in soldering to preveat damage to these unltn by overheating. 

Initial Adjustment and Testing 

Before the chassis Is Initially put Into op'ration, there 

are certain adjustments that must be made. These are made by means 

of screwdriver controls that generally require little attention after 

\ 

the Initial settings unless supply voltages fluctuate or tubes are 
changed. Simple checks, described later, may easily be made to 
determine if the circuits are functioning correctly. 

Three d-c power supply voltages are neceaetJ-y to supply the 


chassis, 

+150 volts at 275 mllllaaperee 
+ 5 ° volts at 100 mllliamperes 
-150 volts at 100 mllliamperes 

from regulated supplies. An a-c supply of 6.3 volts at about 7-2 amperes 
Is required for the tube heaters. The powar connections arc mode 
through a plug on the chassis. Other equipment desirable for Initial 
testing should Include a synchroscope, d-c voltmeter, end a pulse 
source. The pulee source is used to fire the pulee-foiming gas tube 
at a continuous rate for convenience in observing stenty-state 
circuit operation. The requirements on such a pulee scurce are not 
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very rigid, almost any shape of positive pulse that is not too long 
-with respect to the repetition period and has a repetition frequency 
of less than about two thousand cycles per second is sufficient. 

One of the first adjustments to ho made Is the GAS TICS' 

BIAS control. This adjustment determines the firing potential of ths 
first gas tube and ehould be adjusted so that the firing point of the 
tube Is as high as possible. One of the best methods of making ths 
adjustment makes use of the oecllloscopo by connecting .' across tae 
cathode resistor of VI to observe any trigger produced. Start with 
maximum bias and repeatedly depress puai-button number one. Keep 
decreaslhg the bias until the trigger ie observed on the oscilloscope 
when the button 1 b depressed. Repeat this operation wJ-.h the nino 
other Integer push-buttons, continuously decreasing the ’line if a 
push-button falls to initiate a trigger. The bias Is row adjusted 
correctly and need only be readjusted for gaa-tubo replacement. 

The FLIP-FLOP BIAS controls the bias of the riggers applied 
to the fllp-flopa, and therefore is an indirect control on the 
effective trigger amplitude, It normally should be set :o that ths 
hias 16 - 7.5 volt a. 

The -6 VOLT BIAS controls the bias on the dr ay atagen and 
ie therefore the ®oBt direct control on the trigger aiopl tude 8 . is 
ie normally adjusted for a voltage of -6.6' volte, however, alight 
deviations In tube characteriseles may require a slight i.djuetment of 
this voltage for beat operation. 
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The remaining adjustment e and checking are simplified by 
using the pule? source so that the actions of the circuits mt.y he 
observed on the synchroscope. The pul se source should be connect >d 
to the grid circuit of gas tube 72 in some manner so that the gas tube 
Is fired at a continuous rate. The eract connection depends so much 
upon the source Impedance and the pulse amplitude, no standard may be 
eat. 

When the gas tube Is firing correctly, the ULEUUNG PULSE 
AMPLITUDE control should be adjusted no that the ol spring pulse risee 
one or two volte ponltlve with rsrpeet to ground. If the 
gate-generating flip-flop, 79, Is operating correctly. It should be 
possible to observe the sawtooth shape of the reading pulse at the 
suppressor terminal of any of the gate-peaker stages. 

A convenient check may be made at this point to determine 
If the whole chassis is working correctly. Pitching any on*e of ths 
Integer push-buttons while the gas tube circuits ore being pulsed 
at a continuous rate gives the same effect as pushing the button 
many times with tbe circuit working normally. This corresponds to 
entering a decimal number that has all digits alike Baoauee the 
last n digits of a decimal cumber determine the last n digits of ;he 
equivalent binary number, pushing a single Integer button elx times 
will set up a pattern on the elx lights that will 'omain the earns 
regardless of how any more times ths same button is deoressed. 

The name pattern Is obtained if the button is pushed while the gas 


I 
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tube is being fired by the puls source. The correct patterns ere 


as follows; 



Pattnrn 
000000 
000M1 
001110 
oio: oi 
011100 
100011 
101010 
110001 
n;i'00 


' 9 min • 

Xf the circuit doee not produce the aT'ive patterns ex the 
glren digit button is pushed, it will bn neceeesuy to adJuBt the 
SAWTOOTH AMPLITUDE and -6 VOLT BIAS oontrcls to get the trigger! at 
the correct amplitude to operate the flip-flops. ,'ae SAWTOOTH 
AMPLITUDE control is used to adjust the adding pul.iee from the plate 
circuits of the gatr-peakor stages to the same size is the carry 
pulses from the screen circuits of these strges. 0 he -6 VOLT BIAS 

t 

control changes the amplitude of all triggers coming from a delay 
stage. 


If the circuits did not produce the co -reot patterns on the 
initial attempt, it is best to concentrate on one particular pattern 
for adjusting purooees. It is then possible to dvck pulse amplitudes 
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and flip-flop operation to determine the maladjustment. In observing 
flip-flop operation. It le usually best to put a .mall capacitor of 
about five mlcromlcrofarade In series with the oscilloscope proto 
to prevent disturbance of the circuit operation. However, whan tho 
circuits have been correctly adjusted, a probe of twelve micro- 
microfarads capacitance usually produces no ill effects on tho 
operation. 

Drawing A-30584, page 59, ehovo the waveforms that arc pro¬ 
duced at the plates of the flip-flops and their trigger Input 
terminals when the number one button Is depressed. Unless there 1 b a 
defective circuit component, an adjustment of the SAWTOOTH AMPLITUDE 
control to equalise the sizes of the adding and carry pulses, and 
the -6 VOLT BIAS control to make them the correct amplitude, will 
make all the flip-flops operate correctly. Similar waveforms miy be 
figured out for the other fixed patterns, but when the adjustments 
have been made so that the circuit works correctly for one pattern. 

It usually operates satisfactorily for the others. 

When the circuits sppn&T to work correctly while being 
continuously pulsed, the final check is made by disconnecting the 
oulse source and pushing the buttons. Tho correct pattern should be 
formed after pushing a button six times and should not change by 
additional pushing. If this test checks correctly for all the 
Integer push-buttons, then the entire circuit le working satisfactorily. 
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CSAPTER VII 
Summary of Results 

The completed unit demonstrates that the principle of 
operation of this type of declmal-to-binary converter is sound. 

The system makes use of a ten-key type of keyboard which Inherently 
has a higher speed of operation than the aatrir-type of keyboard. 

The keyboard wiring Is simple, making; It noeeible to add contacts to 
a standard addlng-machlne keyboard so that the Input numbers could be 
recorded. The length of a connecting cable Is no. critical, per¬ 
mitting 'the keyboard to bo ODerated from a location separated from the 
conversion unit. 

Although relay circuits could be designed to perform the 
operations required In this type of conversion system, electronic 
circuits Possess advantages. With the particular circuits that were 
designed, the time of operation of the circuite Is negligible when 
compared to the possible time of operation of the ceyboard. The 
type of carry system that was used required ar. additional unit of time 
for the circuit to complete Its operation for each addition binary 
digit. With these electronic circuits, several thousand binary 
digits could be used before the time of circuit operation would begin 
to become comparable with keyboard operation time. If relays ware 
used, a high-speed type of Carry system would be necessary for the 
system to possess any practicability. Th* o'sctrfi lo clt.'uita 







APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 




t 


6l 

easily adaptable to use with an lnnut data system that possesses a 
very much higher operating speed than a keyboard. Ia Its present 
form, the unit requires nine tubes in the inltlati!ig and conversion 
circuits, and two and one-half tubes (using twin trlodee) for each 
binary digit in the register stage. It is doubtful If relay circuits 
could be built to occupy less space. 

It was known from the start of this project that thin 
particular system would not handle the conversion of any sobers 
that had digits to the right of the decimal point. It was felt that 
if numbers of such a nature had to be used, they could be multiplied 
by appropriate powers of ten used as scale factors to shift all digits 
to the left of the decimal point. 

Although the circuits that were designed for the unit work 
satisfactorily, they do not necessarily represent oho ultimate in 
design. They do demonstrate that the detailed block diagram of the 
system le satisfactory. Most of the testing was lone using 
electronically regulated power supplies ae povor sources. Testa 
using unregulated supplies were not satisfactory because the fluctu¬ 
ations of the partlcualr supply voltages used were Independent ol 
each other. It le believed that the circuits can 'ie made to 
operate from unregulated supplies if changes in tho a-c line voltage 
produce proportional changes in each of tho three <lr-c supply voltagee. 

One of tho chief causes of unsatisfactory operation before 
correct adjustment was due to the fact that the fl .p-flop stager, are 
sensitive to trigger amplitude. This is not a new problem in their 




APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 


& ^ _ 

6e 

design and a eatlsfactory solution In still being sought by several 
other groups working in the field of electron!: co putere. One 
solution is to use an additional stage of amplification for the 
triggers that would have a limiting effect ani would tend to keep 
the trigger output a constant amplitude. Such a f.lutlon requires 
additional components for each stage in the register and the added 
complexity is not Justifiable. The Ruthor bellever that additional 
experimentation with the flip-flop parameters fill provide a satle* 
faotory solution for this particular aopllcatl jji. 

Although this thesis presents a possible solution to the 
problem of converting decimal numbers containing vhole digits (no 
digits to right of decimal point) to their equivalent binary 
number, work still remains to design a system that will handle eny 
kind of a decimal number. In addition, there still is the problem 
of designing a satisfactory system to convert binary numbers 
(including those with digits to the right of tie binary point) Into 
their decimal equivalent!. 
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AKPESDIX 


Hepresentatlon of Humbers 

The decimal ay stem utilizes tec as the number base and 
therefore has ten digits (0, 1, ...9). Bach plac o In a deci\nal 
number represents a power of ten; the digit In a .articular plat.u 
telle how many of that particular power of ten ire present.. For 

examples 

420.34 s 4xl0 2 * 2x10* * 0x10° * jxlO'' «. 4xl0 -2 
The binary system Is used in a alralla- manner, except 
two 1 b the number base, requiring only two digits 0, l). For 

example; 

.binary 101.11 e lx2 2 f 0x2* 4 1x2° 4 lM-- 1 { lx2~ 2 

Decimal to Binary Conversion 

One of the moot obvious methods of converting a decimal 
number to Its binary equivalent Is to extract powo-s of two from 
the number, therefore finding the binary components. For examplot 


Decimal 

number 

84 

extract 

2 6 

64 


t. 

tt 

extract 

2 U 

-*• 

extract 

2 2 

4 


0 ' 

Therefore, 84 = 2^f 2^4 2 2 , and the binary equiva >nt Is 1010100. 
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A simpler system starts by dividing ti e decimal numbsr by 
two and noting If there Isa remainder. If a renalnder i 3 press it, 
it Indicates that there is a 2® component in the number (the nu -r 
is odd). If such is the case, a 1 in written ae .he right-hand 
digit of the equivalent binary number. Ths dividend of the first 
operation is divided by two and the remainder cf .als division 
(0 or l) is used as the next binary digit, This second division is 
the equivalent of dividing the original number by 2^, and a re¬ 
mainder of 1 indicates that there le a 2 1 tamper, ant in the numb? '. 

By continuing the process, that is, dividing the -eeult of each 
previous division by 2 and noting the remainders, the complete 
binary equivalent of the decimal number can be found. Here is an 
example of the method. 

Dlvlalone Remainder s 

2 ) 84 0 

2) 42 0 

2) 21 1 

2) 10 0 

2) _2_ 1 

2) _2_ 0 

2)_i_ 1 

0 


As before, the binary equivalent of b’4 is 1010100 
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Addition 

The process of addition In the binary system la els;. ’T 
to th t used In the doeimal system, that la, when the sum of two 
digits Is greater than the largest Integer, a carry ie added to the 
next column. Tor examples 

Binary Addition Table 
0 ) 0=0 1 + 0=1 

0*1:1 1 + 1 = 10 

Sample Addition 
Ueclaal Binary 
Carries 11 11111 11 

• 

Addend 886 = 1101110110 

Addend * 1011100111 

Sum 1529 = 11001011101 

„ The earns type of reasoning may be aopllod to the processes 

omultiplication and division In the binary system. In each oase 
the actual process being a simpler operation In the bln ary system 
then the decimal system. 
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Report R-liW fags £ 


AH S TRICT 

This nnoer outlin>s evrral methods that can Ip used to coavert 
shaft rotational position t'> bJnrry nunbor. Since sconoiy of enuinnenl 
reouires th>'t one conversion ur.it oorv. for reveral shafts, selective 
electronic switching ic necoasf.ry.. Se’-eral of the suggested comoon-mte 
ore described in -’ome detail A m«tho< by '•>hich shaft rotation is aaaru.-ec 
in terns of the freoueidy o' a varlabl" oscillator a-rmenrs tn bn tho acst 
oromlsing approach. 

Some consideration is given flao to the converse problem of 
converting r binary nanber o en electrical nagnitudo, 


i»:Ro:x/CTia 

The Whirlwind digital comnutf r must receive in-nut Informs lion 
from the rotational oositior of mechanical shafts. The soa'is can ie group <- 
for convenience into two types accordirc to the degree of subdivision required 
of the associated infornatlrn. The fire-subdivision tyoe roquiraa output 
numbers that are smooth to 1 part in 1C00 to 5000, whllo 6h> conrs9 -sub- 
division type requires a mar imum aubdl*. l3lon of 1 wort In 100 to 500, The 
fine-subdivision shafts are subject to high velocities and acceleration; ih 
coarae-Bubdlvialon shafts me moved, rel lively slowly. Tie fine-aubdivi >lv 
type can tolerate some drift in j"ro pcsltlon and calibration b1o-D 9 whi 
stable calibrrtion may be d« sirsble ;'ot ohe coarse-subdlv la on type Th - 
cleeslficatlon is somewhat p; tificial tut is useful in any consideration 
possible npfchods There maj be a total of sons 40 diff-'ron ; coarse subd -i ' 
6hafta and 6 flne-subdivisicn shnfta,. 

The parsmrteis associated with the shafts must be furnished to tr. 
conrouter in binary number ferm.. This rsnort la concerned chiefly ui th 
devices that can convert shaft oonitien into binary number. 

In view of the large number of shafts involved it ie deeiinble thi i 
many shafts share the same conversion uiit on the basis of Mcouenco or oi •: 
suitable controlled switching. The purser of conversion unite required rod 
the maximum time that can be allotted for a conversion nuut be such that no- 
D-rameter can be read every l/20 second.- If there ie to be Just on;* conn- 
subdivision unit, the maximum tlmp Der conversion should not exceed 1 mil. 
second, 2.5 milliseconds has b ten chossn tentatively an \hr correa’ondii 
time for a fine-subdivision conversion One nectlor. of tb!r report coni 
the possibillt" of much hl^-.sr conversion speeds. 

The orlranry Information sourcsn considered include mechanical -vi' c 
contacts, a variable freouency signal and d-c -notentiala, 1‘rcblems anooc 
with mult ini e-speed data are al'>o investigated. The pumps' of the nvnor „ , 

to make a preliminary study of these di .'feren oonslbl® ccnveraion nethoc 
The study outllnea and describes design remit resent a and rur eats ccaaiblo 
solutions for the associated conponento , Ideuo that might, toaalble Drove 
useful have been included even chough thry do not arroear to be immediately 
applicable, The last section makes soe cific suggestions lot the next o ;o' 
in the necessary development, r ’he outn-it conversion problems are cloeely 
similar to the input requirements and one section of this report is concern* 
with the transition from binary number :o electrical magnitude. 
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,y.C' anicai romra 

This proposal In olv"B the vse of brush contacts or cam- >n*r ! 
leaf switches. It Is ami cable only to coarse-subdivision shafts nnd 
should not be extended to < ive nurnb 're greater thrr 128 or P56 nt ;he v 
most. The maximum 9noec o the controls must be snsll and changes Inf re 
ouent. 


One such arranger ent9 Is shewn schcme.tlcf.lly in Jigure 1> Sigh', 
binnry algits (0 to 2f>5) are provided by eight canwopera ted switches. The 
cam discs nr» mounted In rets of four on two shafls. (Those disco are 
shown above the upper carr;-over Pinion In Figure 1. The uwitehee have 
been omitted from the drawing). The first shaft advances the switches ’6 
digits nor revolution. Thr seoond shaft Is couolec to the first by a 
mechanical carry-over Dlnicn and advenes l/lfith tvrn each revolution of 
the first shaft. ' - lhlle thf second ehnft Is in motion it moves at the same 
sneed as the first shaft. 

The circuit scheintlo is shown In Figure 2* The outnut tides of 
corresnondlng digit switches of differ?nt oanmeters are connected to a 
common digit line which lea is so a gatn tube . The incut sides of all dig! 
switches for one parameter nre connect’d together to - line from ar elec 
tronic selection switch. In order to -rad e number, the electronic owltch 
is set to thp desired Daranster, a gets nul»e is applied eimultnnecualy to 
all digit switches for this pb -smoter, and a clock nulse, trsnrmitted throne 
the gate tubes, then reals the number Into the bus. 

Actually, to evoil ambiguity at the transition ec.gea, twr nets o 
switches ere needed. In F1 *ure 1 these are denoted Set A and Set E„ Set 
dunllcctes switches 2* to 2 7 inclusive of Set A; the 2° switch is rot dup¬ 
licated. All cams B ar« Aligned with each other snd displaced ore digit 
in ohase from the corresPon ling cams o ' A. All cams A 2* to 2 7 are alifr.ee 1 h 
each other. Cam 2° is disc .acrid one-h/.lf digit fro a the other cams of Set A 
This phasing is shown in Fi jure ? (cams 2-* to 27 omnitted) . The mechnnicc 
carry-over for B ewitchea 2 to 27 must also be dlsolaced 1 digit in nhase 
The schematic for the connexions for each nrrameter is shown in figure « 

In this way, the numbers advance only i t the transitions of the 2° switch 

JTo readings ere nisslble during the fly-over tlm" of switch 2°. 

If the total fly-over title -enresents rny significant fraction of the total 
operation time, this switch shculd be f flip-flop controlled by a brush 
contact, or else other math d9 should be used. 

The method has th> acvnnteger of permanency of calibration, linearity 
ease of testing and, oo«elb y most important of all potentially hi ;h reodlr,.; 
eoeed. Thp unit nrohably c< uld be designed quite coaroactly, particularly ir 
brush contacts were used, "he disndva-tages cousin ;of the limitations alr~ 
mentioned, rnd present unce; tninty with resnect to riwitch life .»nd *eliaali: ; 
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Her a shaft position controls the freouenty of a varlable- 
freouency oscillator. The conversion unit conslsti of switching arrange¬ 
ments, a fixed crystal oscillator, nuC ®e-formlng circuits, and tvo 
counters. One counter roc-lvcs varlrble-freouency rulses corresponding 
to e v rtlculor shaft noal .Ion; the c.her counter -wives the flxed- 
freouency crystal oscillat>r pulses. The nr ramet.p- Is re-e Into the corn- 
outer bus from one of the :ounters. 

There are four different ar:'«ngempntfl f o - obtaining the number. 
These veil be cRlled A, B, C, and D. Methods A cal B time a fixed number 
of variable-frequency nulsis, the or.rrir.eter being -cad from the clock nulse 
counter. Methods C sad D :ount the number of variable-frequency pulses In 
a fixed time Interval, the narameter then being read from ;hn varisble- 
frecuency counter. In met lods A nnd I) the naraaetir number decreases with 
Increasing numbers of enun.s* In methods B and C ;he parameter number 
Increases with lncrnasing lumbers of counts. Theai four arrangements have 
different linearity, stabl .lty, and time characteristics,. Methods A end B 
reouire a clock rulse rate which Is higher in frequency then the variable 
frequency, while with moth ids C and D t the variable frequency Is higher- 
The relations between the leveral variables involved are derived la the 
following section. 

1. Fundamental rela t ions 

Method A 


Then 

Let 


Let r = number of variable nul«e lnter-els being timed - a const°nt 
f ~ v-.rlab e oulsa frequency. 
f c ” clock 'Ulse freonrncy. 
n = total uumber of clock pulses counted. 
n 0 - maxima i number of clock nulseo counted. 

N * pp.rame er number. 

f = time r, quired for the count - f variable. 

T ?1 

N • n 0 - n no a constant, and-f ’■ - - ~ 

f T e 

k = tuning range factor, l.e., f na , ; = kf„t a . Suo-iose also 
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that r variable cycl»s can be timed to a precision of j whom t la a 
« 

fraction of a variable cycle. If the laxlmun uncertainty In timing le 
to be no greater than l/2 i. clock pulse Interval. (l c e„ 1/2 digit) then 


1 - i- 

f min' 2 *c 


f mln “ A f c 


But 


"max 


rf 


min 


rf. • 


Also r : f_,_ 

■ max min 


rf. 


_L , _ a - ^) 


max 


□in 


f o 11 -? 


The results listed In colum A of Table 1 follow directly from 
these relatione. 

Method B 


ing tne same, and 

( f =*x > 
- *0 * n o V” ■ v 


In this case n 0 = the nir.lmu: - number of clock nulses counted, nil 
the other diflnltlon* being the same, and 
H s n 

The results are similar (or identical) to the Previous cage and ar° listed 
in column B of Table 1* 

Method C 


For this case let 

r = the number of clock pulses used for timing - a constant, 
n - number of variable mil see counted 
n 0 : minimum numbr r of variable pulses counted, 
n = n - n 0 - nai master number 
’ - time of counting, conmtaut. 
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Suppose aa before thst r clock cycles can be timed to a precision 

of ^ where € io a fraction of a clock rulse cycle. If the maximum uncsr- 

f 0 

talnty Introduced by the timing Is 1/2 digit, then 



<. 

w a 



*c 

■^mex 

or 

n 

II 

^ ^mnx 

also r = Tf c 

and 

N max 

* r ^max 

(1-i) 


These relations lead to the values listed In columi C of Table 1. 

Method D 

Here n Q - the maximum number of variable pulses counted and 

» = n 0 -n - nod - ~ )• 

A max 

The resulte are listed In column D 0 

Reasonable values for K and c appear to 1« k “ 2, C - l/lO (36 degree 
Comparison of methods 

Which of the four methods Is Preferable depends to some oxtent on the 

tablllty characteristics of the oscillators. Assuming that all the oscllJtors 

associated with a single conversion unit are Identic"! and that uncertainty in 

frequency le due to a fix»d uncertainty dC In capacity. Method A is best. For 
1 

N = 0, dC causes ^ tluee the percentage uncertainty in frequency that the 

same dC causes at 5 = Hnax* Thus referring to tabls 1, column A, (dN),j 0 
1 , . 

- — (dH)„ , a reasonable result. Each of tho other methods Is less 

k H * K max 


favorable, D being worst 
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On the oth»r hand, If — is constant over th" tuning range, 
f 

methods B and C are ^referable to A. B has tho r.dvintngo (over C) of having 
lower variable frequencies. for which M may be axro cted to have lov»r con a tan . 
values. Actually, however, la not likely to be strictly constant over tli» 
tuning range, end Method C has tho advantage that ; ra in is associated with 
N - 0 where the uncertainty dN should be small. 

If a single conversion unit has associat'd with it a few oara o'-tprs 
reeulrlng large N Ba x and many narametere requiring eporooiably smaller N )iax . 
Method C has some advantages. Thud dC may be an^ro? lmately constant for any 
one oscillator but the dC for the small Sma* oscillators may be larger than 
for the large Kjg, oscillators. 

Stability tests of actual oscillators car best decide the choice. 

From the point of view of the nulse-forming circuits, it anoeare advantageous 

to have the variable nulse rate lower than the constant clock nulse rate 

There is little to choose between the four methods with resnect to the counting 

and reading problems, or linearity. 

Oneconsldsratlon csn be mentioned which places an aonarent restriction 

on the minimum size of f m If a control is changed very rapidly, undesirable 

transients may be set uo. Sutmose a shaft is turned through the whole tuning 

range in time t. Assuming that the rate of change of frequency is constant, 

it is readily shown thet the maximum fractional change in frequency in the t; 
(k-1) 

of one cycle Is -• To r.roid transients thi* quantity should be much 

*mln 4 

smaller than L of the oscillator. If t is of the jrder of l/5 sec and f ain i, 
in kilocycles this requirement is well fulfilled. 
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2. Numerical examples 

fine subdivision . Method A. 

Suppose 

Hoax 5 5000 k = 2 

Tmax 3 2000 8eo e * O.l 

Then 


f c = 5 MC nulse rate 

f mln = 1 MG cruise rote 

W = 2 MC 

r - 2000 

▼rain : 1000 W 15 ® 0 • 

For H = 0 and dN * l/2 
Allowable drift 
Allowable fractional drift 


50 cyclea 
1 

20000 


For H = 5000 and dU *■ 1 

Allowable drift • 400 cycles 

1 

Allowable fractional drift = 9000 

In order that the timing process shall no-; Introduce an uncertainty 
greater than l/2 digit, counting gates accurate to 1 '10>*.3ec are required. 

The clock counter must ooerate with an Innut nulse rate of 5 MC. The uncsr 
talnty of end-carry delay of the variable nulse counter must be leas than l/lO 
,u_sec. The line between the control oscillators and the converter must carry 
sinusoidal freouenclee between 1 and 2 MC. 
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Coarse subdivision Method A 
Take 

N aax = 400 k = i 

T m.r = 400^*60. €. = C .1 

Then 

f c = 2 MC pulse rate 
fnln — 400 KC 
fnex = 800 KC 

p « 160 

** min * 200 > 18 ®C. 


For K 

so and dK = l/2 




Allowable drift 

r 

l 50 cycles 


Allowable fractional drift 

s 

1 

' 1600 

for 

H ~ 400 and dK ■ 

1 



Allowable drift 

Allowable fractional drift 

_ 

1000 cycles 

1 

" 4 OO - 


The timing process should not 

Introduce 

uncertainties greater than 

1/4 




Very coarse subdivision High Speed - 

Method A 


Suppose 




•su = 64 

k = 

4 


"Fmax * 28 j*sec 

C s 

C’.l 

Then 

f c * 6 MC 




f B ln = 1 HC 




foax = 2 HC 




p 


26 
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*win = 13 >*«« c 
For N = 0 dM - 1/2 

Allowable drift - 3.9 KC 

Allowable fractional drift = —- 

255 


For H = 45 dll = 1/2 
Allowable drift 
Allowable fractional drift 


= 15.6 KC 
1 

“ 128 


Timing must be accurate to l/lO >sec. 
Maximum over-all time ^ 30,^eecs. 


Very coarse subdivision 

; Small 

tuning range. Metnod A 

Suppose 

®nax 

3 

64 

k = 1.1 

V 

a 

45 ^.sec 

e = o.i 

Then 

te 

s 

5 MC 


f’min 

s 

1 MC 


f max 

a 

1.4 MC 


r 

= 

46 



For H = 0 dB = 1/2 

Allowable drift s 2.2 KC 

Allowable fractional drift - —- 


. 453 

For H = 32 dl? = l/2 

Allowable drift = 4.1 KC 

Allowable fractional drift = —- 

323 

The two very-coaree-subdlvision examples ^.re useful in considering 
the possibilities of multiple-speed data discussed ii another section,. 
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= 13 

For N = 0 dU « 1/2 

Allowable drift 
Allowable fractloar.l drift 

For H 5 45 dN = 1/2 

Allowable drift 
Allowable fractional drift 


- 3.9 KC 

_ _1_ 

25 S 


= 15.6 KC 
1 

" 128 


Timing must be accurate to 1/10 >*-sec. 

Mail mum over-all time ^ 30/M.eece. 

Very coaree subdivision Small tuning range. Metnod A 
Suppose 

N™, s 64 k * 1.4 

45 ^(.eec £ a 0.1 


mai 


Then 


to 

*mln 

f mai 

r 

K = 0 


5 MC 
1 MC 
1.4 MC 
45 

For N = 0 dN * 1/2 

Allowable drift 
Allowable fractional drift 

For H = 32 dll = l/2 

Allowable drift 
Allowable fractional drift 


= 2.2 KC 

- J._ 

453 


4.1 KC 

1 

323 


Page 10 


The two yery-coaree-subdlvlslon examples ’re useful in considering 
the possibilities of multiple-speed data discussed li another section. 
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The odd values for r In these examples represent only typical 
minlraums. Larger r values reoulre higher value* fo- either f m i n and fc 
or for Ttit. 

3„ Block diagrams 

Figure 5 shows a block diagram of a complete fine-subdivision twit 
assuming the constants of the first example and with switching provided for 
8 separate lnnuts. 

Assume that Initially FF1, FF2, FF3 are all at zero, so that GTS 
Is open but GT1, 0T3, and GT4 are closed. Counter N)„ 2 rends 96, the reset 
value, and Counter No. 2 has accumulated a value for N„ A read-out oulse is 
received. This triggers FF No. 1, opening GT1. The next clock rvulse passes 
through GT1 and GT2, resets FF1, and reads N Into thi bus. After delay through 
DE3, counter No. 2 is reset by the same oulse. 

Receipt of N Is followed by an order setting the selection switch 
to the next parameter to be read. The read-in pulse from the bus sets FF2. 

The next variable pulse resets FF2, setting IY3 and joenlng both GT3 and GT4 . 
Thus timing always starts at a definite (and very entill) time after a variable 
oul^e. "-T3 Is reset, stOTming the count, by the fas; end-carry pulse from 
Counter 1. 

CT2 and DE2 Insure that Counter 2 is not *ead until CT4 Is closed 
and comolete carry-over has taken rlace. If the scheduling of read-out oulses 
Is such that ample time Is always allowed for the co'int, FF1 and GT1 and GT2 
can be omitted or arranged Instead to ooerate the alarm In case of incorrect 
timing. 

DE5 must be sufficiently long to allow fo* switching transients 
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Change of pulse rate may cause a change in d-c restoring level: in the 
variable-freouency Dulse shaolng circuits, and a consequent slight change 
in phase of the pulse with resnect to the pulse cycle.- Investigation should 
he made to see whether this phase change is epnrecif ble and hov rapidly it 
becomes stabilized. If the required DE5 is long, It ray be preferable to 
order the next selection switch setting before reading out the accumulated 
H. 

Figure 6 is a block diagram of the fixed-frequency counter 2, Unless 
the urogram scheduling requires groat economy cf tine, high-speed carry-over la 
not necessary. The output gates are arranged to rend the complement number 
into the bus and switches are provided by which the initial reset reading can 
be chosen. 

although counter 2 may receive as many as 10,000 Dulses during a 
measuring period (where H - 0) 13 filhe.- tlii^i. ^ v . stages tu'c ro^l'ct., li the 

time required for end-carry through counter 1 is 2/5>*fl«e (including any 
difference between the setting and resetting times of FF3 and thp associated 
gates), the correct initial reading for counter 2 1-j the binary equivalent of 
6381:, If H is 10p0 the counter receives 9002 tiulses increment and thus reads 
6381 plus 9002 lose 8192 not Indicated, or 7191. Tie 9's complement of this 
number is 1000, which is read into the bus. The 8192 not indicated dost not 
lead to ambiguity because the minimum reading at thj ond of an accumulrtlon is 
6381 5000 f 2 = 11383, and la thus alw\ys over 8192. 

Figure 7 is a corresponding diagram for counter 3. High-speed 
end-carry is essential. Switches which control the reset value are con¬ 
venient in an oxnerimental model but could be omitted from the finnl design 

The block diagrams for a conrse-subdivislon unit would differ from 
Figs. 1, 2, and 3 only in the number of inputs to bs switched and in the numbero 
of stages of the counters. 
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4„ Oscillator 

Clearly the succor# of the method depends primarily on the deei^i 
of the oecillator. The allowable drift requirements of the fine-eubdlvir.lon 
example given in section 2 are very difficult to meet over long neriods of 
time. However, the fine-subdivision control will have the necessary smoothness 
provided the instantaneous rate of change of N due to random frequency shifts 
does not exceed l /2 digit oar l/ 20 th-second reading interval, or 2 digits oer 
second averaged over a second. The stability of calibration nrobably would 
be satisfactory with a steady drift rate of 26 digits per hour (at nil positions 
of the control) orovided this is periodic with time of day or temoerature. 

The oscillator of any good communications receiver or signal generator moots 
these relaxed requirements orovided that there are no sudden changes of 
sunply voltages and provided that it is not subjected to mechanical vibrt tion 

Figure 8 a shows the schematic of a eimole type of oscillator with 
the requisite short-time stability? This is a modification of a circuit by 
K, A. Pullen*, The modification consists of Increasing the cathode reelrtor 
from 600 ohms to 6 K and in operating the grids at a d-c potential of about 
22 volts rather than at ground- This change results in strictly class-A 
operation and a high impedance across the timed circuit. Tho static char¬ 
acteristic giving the relation between e^ and e 0 (see Figure 8 b) is shown in 
Figure 9 for two different plate supply potentials. The characteristic is 
suitably bent to produce stmplitude stability without drawing current from 
either grid. The very elicit change resulting from a 30$ increase in plrte 
voltage is also notable, 

1. I. A. Pullen - Tho Cathode-Coupled Amplifier, I.R..F. 3 a. P 402, 194 r. 

This reference was called to my attention by Mr. 8 . J. Crawford 
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Changes of nltch of the order of 100 cycles or more are produced by shunting 
capacitances across the 92-ohm termination, elthough no quantitative me* sure - 
meats hare been made. The mechanical rigidity of the chassis was not sufficient 
to permit a good test of the effect of changing tubes. Change of a few kllo- 
cycles/sec (10 to 20 digits) seems likely. 

The following modifications are desirable} A coll having an 
appreciably higher CJ should be used. Possibly the fixed wiring losses ere 
such that a somewhat higher L would give a better compromise between high 
over-all Q and high C. A temperature-compensated 1C Is desirable. Coil 
manufacturers should be consulted for suggestions. The biasing arrangement 
shown in Figure 6 Is poor because the filter condenser C3 becomes part of the 
oscillating circuit. The best Q Is obtained if the low side of the tuning 
condenser Is placed at the DC bias potential by connecting It directly to ths 
low side of L. If this Is mechanically Inconvenient, another possibility is to 
place both L and Cl at X ground potential and connect their high sides to the 
grid through a blocking condenser. The X bias would then be supplied to the 
grid through a one-megohm resistor . 

An approximate analytical Investigation could be made of the phase 
shift of the feerback' voltage It may prove preferable to provide feedback 
through a lOO-.ugf blocking condenser and a resistor connected either to the 
plate of V1B or to some point nearer Bf. 

An Inherently poor feature of the design Is that It places the 
cathodes at relatively high RF and X potentials? A n a result the heaters may 
cause some 60-cycle frequency modulation. Although the audible heterodyne notes 
which were observed were very clear, this Is not a very adequate test. A test 
for 60-cycle modulation could bo made easily, when a complete counting system 
18 assembled, by starting the timing Interval at different points of the 60-cycle 
Period. Changes of the heater by-pass condensers produce changes of frequency 


Page 3.5 
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A suitable transformer should be used tc drive the output line 
rather than a cathode follower. The transformer mvst not discriminate betveer 
1 MC and 2 MC, but it need not reproduce a sinusoidal waveform, and somo 
peaking Is tolerable. 

By far the greatest difficulty Is likely to be exnerienced with the 
mechanical design of the tuning arrangements and chassis,, In order to have 
frequency smoothness, great rigidity, excellent bearings, and freedom from 
vibration are necessary. General Radio or Cardwell might be consulted to 
advantage. 

The oscillator requirements for the coarse subdivision units are 
much lees stringent. Possibly an output transformer can be used as part of 
the plate load and an output tube avoided. An electron coupled miniature 
pentode oscillator with a compact LC is another design possibility,, A V/ien 
bridge oscllhtor (if the frequency is sufficiently low) would have the 
advantage of giving a linear with a llnear-C variable condenser. Thio 
results in a linear N (Method A or B)„ Even with the coarse-subdivision 
requirements, some noticable drift and change of calibration with tubes Is 
likely - particularly If the unit Is reduced in size and compromises are made 
in Its design, 

5. Switching 

Figure 11 shows a gating method for 8 inputs*. This circuit has 
not been tested (even statically), and the constants are tentative. Each 
6dS6 Is Intended to receive signals of .6 to 1.5 volts RMS, The gate selection 
square wave drives the suppressor to zero bias, it must have a duration of 
about 2.5 mlllisec. The screen-dropping resistor Is Introduced to limit the 
screen dissipation when the tube is cut off. The screen notential has a time 
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constant of about 1 sec. (during Its rise). 

There are many other gating methods possible which are more 
expensive with respect to Power or tuboa. 

If there are as many as 48 Inputs to be selected, these can be 
grouped In 6 sets of eight. ,p ach set of eight has a common Plate resistor and 
drives a second mixer tube. The six second-mixer tubes In turn have a common 
plate resistor. 

The pulse shaping circuits present no unusual problem except that 
they muet be preceded by one or two stages of video amplification. 

Circuits have already been designed for crystal-controlled oulae 

generators . 
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D-C P0TEHTIAX-DI7IDRR l -TTfC D 

The simplicity and linearity of potentloneters make them attractive 
sb control elements. These features may be particularly Important for tome oi 
the coarse-eubdlvision parameters. 

A d-c voltage can be converted to a time Interval. If a cotin ter 
receives pulses at a constant rate during the internal, an aonronrl"te binary 
number 19 oroduced. A block diagram with suggested constants is shown in 
Figure 12. 

P--C Souree and Switching 

Figure 13 shows arrangements at the control stationsnd Figure 14 
the associated selection method. All cathode follower grids except the selected 
one are kept below ground potential by the clamping trlodes. The input line to 
the conversion unit has a maximum time constant of "iassc. After FO^usec the 
output voltage across ths common cathode resistor will be within 0.l£ of its 
final value. 


Figure 15 gives measured departures from linearity between divisions 
of a control potentiometer and the output cathode voltage. The potentiometer 
was a finely divided Leeds and Northruo 22K slide wire. The departures indicated 
are comparable to the uncertainty in the readings. Variations of 10 volts in 
the sero reading and 1 or 2$ in slope nay bs expected for different tube3. With 
regulated heater voltage, longe-tirse stability and cver-ell linearity within 
+l/2£ seems feasible. With a smaller number of inruts, a higher cathode 
resistor and a lower transconductonce tube can be ured. 

Higher-speed switch arrangement a are shown in Figures 16A and B„ 

They are naturally more expensive of power, aad the extra cathode follower of 
Figure 16B introduces additional uncertainty. 

Application of negative feedback could be applied more readily to 
the selection switching if an a-c carri' r were employed. However, unletis the 
feedback can be returned to the voltage divider Itself, the loss uncertainties 
in the line (at the necessary high frequency) would result in decreased over-all 
precision# 

Timing Circuits 

The delay multivibrator can be a lov-preclsion self-restoring typo. 
Since the read-in oulae to the selection switch may je too short to produce 
Proper triggering, TT1 may be necessary. This is conveniently a 6AC7 with 
11s plate connected to the normally high plato of ths multivibrator. 

Figures 17 and 18 show circuits for the sweep generator and ntrolitue- 
comparator. Except for the slight modification of two time constants, those 
circuits are the same as those given by Chance*. It may be necessary to take 


• B. Chance. Rev. Sci„ Inst. 17, p. 400 and p. 403. 1946. See also 
Radiation Laboratory Series Vol. 19, Chaps. 5, 7, 13; Vol. 20, Chap.5 
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the sweep output from thp cathode of ^ 2 B rath»r thar from the grid in order 
to have sufficiently low impedance to drive the pick-off circuit. In this 
case, some tailoring of the linearity provision will bp necessary. 

Linearity of about l/lO^ is possible* The stability should be satisfactory 
if the pick-off diode is operated with a regulated heater supply* 

The counter must be reset to a value belcv zero determined by the 
time required for the sweep to reach the zero—pint voltage. 

Several other timing circuits are possible alternatives. (See the 
references cited above). In particular, a ohantaetron might be more economics 
of tubes and possibly more accurate. Its delay value is not quite as conven¬ 
iently controlled, since a current rather than a voltage Is required. 

HOLTIPLTS-SreSD pm 


Fairly precis., information can be obtained by properly combining 
two or three sets of relatively coarse weighted data. For example, if a 
unit dial gives a number accurate to 1 part in 32 ard a slxteens dial (driven 
at l/l 6 the speed) gives a number to the same accuracy, the combined inform- 1 inn 
is accurate to 1 part in 512. The reading device must hsve proper ruleo for 
interpreting the data. Two such processes are discussed here. 

"Saw-tooth" data 

Suppose that each dial hae a strict linerr saw-tooth output of 
information which after appropriate conversion anoerre as counter readings. 

For illustration, consider first a decimal system. The units readings progress 
uniformly 0, 1....9, 0, 1....9 with continuous rotation of the control. The 
tens readings are given to tenths of a tens digit, although they are not 
necessarily correct to better than 2 4/lOth of a ters digit. The fractions 
are for correct rounding off only. The tens information Is staggered 5 ’units 
(.5 tens) with respect to the unite information. 

With the control at zero position the units dial reads 0, the tens 
dial -0.5 (i 0.4). When the cortrol is advanced a true increment of 27 units 
the units deal reads 7, the ter.e dial 2.2 (t .4). Suppose the apparent tens 
reading is 1.9. To obtain the correct tens digit tie rule is! add to tho tens 
dial a number of tenths equal tc the tens complement of the unit reeding and 
then discard the fraction. Thus 1.9 (10 - 7) x 0.1 gives 2 for the correct 

tens reading or 27 for the answer. On the other hand, if the aooerent tens 
reading is 2.S then 2.6 -f (10 - 7) x 0,1 still giver 2 or 27 for the answer 

This procedure is easily carried out witl binary counters. A* ono 
possibility, consider the following speed allocatlois. 

Control Knob 64 digits per revolution (8 rev .for 612 total 1* 

Units dial information 32 digits per revolution 

Slxteens dial information 512 digits per 288° of revolution or 1/lOx 
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The ratio of the unite end slxtcens speeds ia 20 rather then 16 because the 
eixteena information doea not extend over a complete revolution. 

Figure 19 shove the counter arrangements in the conversion unit. 

The slxteenecounter contains 7 stages so that it registers eixteene and elghthu 
of a elxteenedlgit. Consequently the sixteene information must he correct to 
I 3/8ths of a sixteen digit; thot la, the information conversion error mast 
never he greater than 1 part in 43 of the full scale value. The sequence of 
operations is as follows: 

1. Read into both counters simultaneously through GT1 and 6T2, which 
are controlled hy the associated information. 

2. Read into the units register from the unite counter. 

3. A round-off pulse sets 7F3 and ooena GTS. Clock nulaes are added 
simultaneously to the units counter and to thr eixteena counter, 
the latter pulses being reduced by a factor of 4 by FF10 and Fill. 

4. TTZ is reset and GT3 closed by the end carry from the unite counter, 

5o A read-out pulse reads the positions of FFOC 1 through FF08 into the bus 

6 0 The counters and registers are cleared. 

" Hi 11-and-dale" data 

Here, the units data uniformly increase vrlth rotation end then 
uniformly decrease at the same rate. Two sets of such units data, displaced 
in phase, are necessary. This is illustrated in Figure 20 for a 32 scale. 

The two sets of units data are denoted A and B. 361 degrees of rotation 
correspond to one complete up-and-down cycle, and A and B are displaced 3C° 
in phase. The sixteene data are given by C. The V7lue of N represented by 
the ABC data ie given in the figure below C„ The zeros of A occur for N = 

-17, 47, 111.... The zeros of B occur for N « -1, 63, 127...., the zero of 
C for H s 7. The rules for computing H from the ABC data are also given in 
the figure. Notice that, as before, the C reading (the sixteens digit) can 
be in error by as much as £ 7/16 of a sixteen digit without changing the 
computed answer. Actually the A and B lines may be rounded or Interrupted at 
the top and bottom of their cycle eo that the allowable C error may be some¬ 
what less than £ 7/16 of a sixteen digit. 

The computed H 1s easy to obtain from binary counters. Three 
counters are used. (Two or one can actually be uee<! provided time is not 
a consideration) o The A and B counters are always reset to -1 (lllll) . The 
three s“ts of data are converted simultaneously; tho A counter reads (A-l), 
the B counter reads (B-l), the C counter reads C. Gates associated vltb the 
first two stages of the C counter determine how the final reading is to be 
obtained. Tor example, if C - 3 the bus receives the A counter reading and 
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the C reading. If C = 4 the B counter reading le substituted for the A 
reading. If C ■ 1, a single Dulse Is added to the A counter; the bus 
then receives the C reading and the 9 5 s complement of the A counter reading* 
Similarly for C = 2, a pulse Is first added to the B counter, and the B 
complement is then read out to the buB. By this choice of phasing for the 
original data no carry-over between A (or B) and C Is needed. 

Appropriate Sources 

Unfortunately, 360° saw-tooth data are difficult to generate vith 
mechanical motion, particularly if reversibility la necessary. Ideally, the 
discontinuity should require infinitessimal motion, or negligible time fcr the 
transitions. Four potentiometer arrangements meet this requirement with 
varying success. 

1. Two ordinary potentiometers (for example GB 214A 10K) can be fitted with 

bridges for 360° rotation, mounted back to back, and staggered In rhr se 
by about 70°, so that one contact arm or the oth°r >ia always on a winding- 
This Is represented schematically In Figure 21A t Small replstors F f-nd V 
keep the two contact arms at the same potential while they are simultaneously 
on their respective windings, except during a 10 ° over-lap section where 

the T contact la at the high and the X contact at the low end,. SI is 
closed except at and near this high-low over-lap. S2 flips over In the 
middle of the high-low over-lap to create the saw-tooth dlscontlnultj , 

SI and S2 are cam-operated micro swltehee. This arrangement Is easiest 
to set up with standard equipment. Faulty results are obtained If the 
control is read during the flip-over time of S2. This tine Is of the order 
of 6 mllll-seconde, and If the control has very adequate subdivision 
(1 part in 600) for the parameter represented, this may be unimportant 

2. Higher transition speed Is obtained with the arrangement of Figure 22B. 

The potentiometer windings are arranged to have only about 3 degrees of 
hlgh.low overlap. SI is a sliding contact driven by the potentiometer 
shaft and is closed except for 5 degrees Including the high-low over'.ao. 

In this case the discontinuity (during decay) has the time constant of the 
line through about 12X or perhaps 6 _>trsec. Slightly over 1 time constant 
will take the voltage below the zero point, say 30 volts. The rise time 
Is much more rapid, ^hla method broadens the zero position of the pot¬ 
entiometer to some 5 degree*, which Is not serious for l-in-32 units date. 

3. A special potentiometer can be constructed with a very small gap betveen 
the high and low ends. The contact arm shorts the hl^i and low ends 
during transition, and a switch slmihar to SI opens the sunnly volta<;o 
at and near the cross-over. This has the advantage of requlrln Jus', one 
potentiometer for the unit data. The transition times are slmlllar i.o 
those of arrangement 2 . 

4. A special stro attenuator can be constructed with oerhaos 64 steps. T hie 
is shown In Figure 21C (with 8 steps) , The contact arm muet short adjaccn 
contacts during a transition. 


Hlll-and-dale data can be obtained from a continuously wound 
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potentiometer tanned Just 180° apart. It can aleo 'bs obtained from a Hellpot 
with high and low tans placed alternately and unlfornly along the winding. 

A rotating condenser with symmetrical plates provides hill-aed-dale 
data which can be used for frequency control. The requisite linearity for 32 
subdivisions should be possible, particularly If the tuning range Is small 

4BsUatiaa-.to£las=3»MizLttop.iflfgz»&tl5a 

If difficulty Is experienced with the stability of the fine- 
subdivision oscillator when Its turning condenser Is subject to mechanical vlbratt 1 
some consideration may be given to the value of multiple-speed data, particularly 
If applied to Just a few of the shafts. Unfortunately there Is not much advantage 
to be gained unless the data of each of the two speeds are given to about the earn) 
precision. (Tor example 128 "unite* given to a precision of 1 part In 128 and 
64 "tens" given to a precision of +0,4 of a "tens" digit). This leads to un¬ 
favorable speed ratios unless a servo 1 s available to drive the units shaft 
There might be some value in using a condenser with a mnny-vaned rotor and 
correspondingly divided stator. This Is likely to lead to a low tuning ratlc 
If the required linearity (for the tens) Is maintained. Another possibility le 
to use 3 shafts At 3 different speeds, with precision, say, of 1 in 32 for each. 

, This would require > 64. The last two numerical frequency example* (see nags 

7, 10), with k « 2 or 1.4, are apollcablo here. A single parameter in this way 
requires 6 separate oscillators and a corresponding number of switching arrange - 
Dents, a high prise to pay for a possible gpln in smoothness and spaed. While 
potentiometers are simpler than oscillators, they cannot he driven at high velocity 
by a servo-motor. 


HIGH-SPEED POSSIBILITIES 

It would be convenient to have th^ conversion time from electrical 
magnitude to binary number so short that the computer, after requesting a 
particular reading, could wait for the answer before continuing other operations 
Unfortunately the required time appears to be prohibitively long unless a 
separate counter Is associated continuously with each shaft. 

The mechanical counter described at the beginning of this report hae 
adequate speed provided low-Impedance video cable le used for all the multiple 
gate leads. A single flip-flop and two associated gate tubes could replace the 
mechanical two-way switch shown In Tig. 4. 

The dlrectlpn-sensltlve pulse generator and reversible counter deecribai 
In HIE Report Ho. 3 could be applied to either flno or coareo-nubdlvlslon shafts. 
The reversible counter circuit ehould be modified by applying the high-speed carry 
method to progression In either direction. Engraved lines, 200 to the Inch, on e 
light aluminum disc could serve as the primary Information source. This method 
le too expensive to apply except under unusual circumstances, but It has tjie 
requisite speed for Immediate reading. 

The variable-frequency method and the d-c sweep method both Involve 
the accumulation of H by counters receiving successive unit Increments. If the 
maximum reliable counting rate Is 5 MC/sec (possibly this Is too conservative) 
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the time for a reading can never he leas than ' 5 m 07 Vj C . N MX le l& r £ e . thfl 

tine can he reduced by multlple-epeed data. With the number of counts ae email 
ae 32 (ae In the hlll-and-dale d-c method) and the switching time (at considerable 
expense) reduced to 2 yaec, some 10 eec would etlll be required for an answer 
(The Interval between readings rleo must be sufficient to allow the sweep cir¬ 
cuits to reoover). 

P-9 9t4P-p9Bttrtl°a. tefegd 

*.n alternative d-c conversion scheme may become more attractive as 
development proceeds. This Is shown In Figure 22, It makes use of the circuits 
used to generate a d-c deflection voltage for the storage tubes' 1 . At present, 
the maximum degree of subdivision for these voltages Is 1 part in 32. This unit 
le called the d-c generator In the figure. Its output voltage depends on the 
readings of the 6 flip-flops. Assume that a parameter reference voltage has been 
selected and ORde available to the amplitude comparator. With all the flip-flops 
off, the pulse distributor opens GT04 and GT14 and sonde an add pulse to FF04. 

The d-c generator sets up a voltage of 16 units (In less than 2 y. eec). If 16 
unite exceeds the parameter voltage hy as much as l /2 unit, a pulse appears from 
the comparator which resets FT04, returning the d-c generator to zero. If 16 is 
less than the parameter voltage, FFD4 remains set. idle pulse distributor next 
opens GT03 and GT13 and sets 7F03. The generator sets up 8 unite (or 24 If 
FF04 is still on), and the amplitude comparator responds with a subtract pulse if 
this trial value Is again too large. This process li repeated until all 5 flip- 
flops have been explored. The final binary number am ear a on the flip-flops and 
may be read out to the bus through gate tubes not shown. The amplitude c o tana re tor 
can be of the same type ae that given In Figure 22 provided ite recovery time is 
made sufficiently ehort. A high-voltage cryetal should replace the 6 H 6 comparison 
diode. 


Tne time required for a step comparison of this type Is likely to be 
about 2 jAec ner binary stage, or 10/Lsec for subdivision to 1 in 32. This time 
le comparable to the d-c eween method. If the d-o generator can be extended to 
give finer eubdlvlelone, step comparison becomes Increasingly advantageous. The 
comparator probably can be made to operate reliably with a discrimination of 1/2 
volt; thus the upper limit for subdivisions cannot bo made very large, even If 
otherwise possible. 


OUTPUT DEVICES 

This section considers, quite briefly, some of the related output 

problems. 


The output of the cosmuter must control the readings of many metsrs and 
several servos. Most of the meters provide readings to an accuracy of if, or less 
and presumably can be actuated by d-c voltages. Data switching Is again desirable 


•John 0. Xly. Engineering Notes No. R-31 
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Both the d-o sweep method and the d-c step-comparison method are 
quael-reverslble, while the variable-frequency method apparently cannot ba 
directly applied to the outnut problem. Figure 23 Indicates how a d-c sweep 
method can be used to convert a binary number to a d-c voltage. This should le 
compared with Figure 12. The circuit operates as follows. 

1. Assume all outnut switches are open, the counter cleared., 

2. Set the selection switch. 

3. Read the binary number Into the counter register. 

4. The read-ln pulse after UE1 closes the selected normally 
open output swltoh by means of Its aeaoolated flip-flop. 

6. Cl now can discharge through the lov impedance of the 
sweep amplifier. C2 does not follow the dleoharge of Cl 
very rapidly because of R. Cl is considerably larger than 
C2. 

6. After DE2, FF1 Is set. This starts the sweep, and slmultaneouily 
the counter receives clock pulses. Cl rises In potential with 
the sweep. 

7. The fast end-carry from the counter first opens the output 
switch. Isolating Cl, and then stone the saw-tooth sweep-. 

8. C2 charges from Cl, and the vacuum-tube voltmeter reads the out¬ 
put voltage until the next time information is available 

Two changes would be desirable. The sweep properly should bo 
Interrupted, and the maximum voltage held on the sweep condenser (rather than 
being discharged) while the output switch le etlll open. In order to allow Cl 
to reach equilibrium. Probably a way can be found to do thle which still doar> 
not Interfere with the strict linearity of the sweep. Properly R should be re¬ 
placed by a normally closed switch that le opened curing the rlee of the sweep 
and then closed again at the top. This adds considerable expense, however, 
and suitable compromises of time constant may be possible. Some manner of 
retaining the Intermittent Information other than on condensers would certainly 
be desirable. 

Figure 24 gives an output switch suggestion. Thle has a long closing 
time but a short opening time. Figure 25 shows an almost conventional ovaep 
amplifier. The cathode follower eunply for the ecieen of 71 may not be warranted 
In view of other uncertainties In the method, 

Vlth careful development, this method Probably can give accuracies of 
the order of 1$. The time required for the conversion is comparable to that re 
qulred for the Input conversion. A step d-c generator like those used for the 
deflection circuits of the storage tubes Is to be preferred to a sweep, Provided 
the necessary subdivision Is possible. 

For readings that must be given to an accuracy of better than l£, 
multiple weighted data should be U9ed. The problen then becomes one of assigning 
meters and servos which operate with multiple data and which properly internri t 
the weighting. 

In eome cases the expense of a separate binary register which 1« always 
associated with a particular servo-driven outnut shaft may be warranted. The 
servo must be able to Interpret the counter as well as to make ohangee in the r«p* 
lng as the error Is reduced. The methods described In HLE Report No. 3 are 
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expensive, but are applicable to such a problem. 

DEVELOPMENT SUGGESTIONS 

The variable-frequency method apoe&re to be the most promising as an 
Input device. Development should start with the design and testing of a fine- 
subdivision oscillator and also a coarse-subdlvlslon oscillator, with some 
attempt to simulate actual cockpit mechanical requirements. Construction of a 
fairly complete fine-subdivision unit Is warranted unless meanwhile a still sore 
promising approach Is formulated. 

If manpower Is avallabls, the system of Figure 12 would be Interesting 
to study since a Hellpot is to be preferred to an oscillator If it can serve 
adequately Some preliminary experimental work could be done on potentiometer 
sources for multiple data. 

If the programming of the computer would be significantly easier with 
conversion times of 6/isec or under for most of the coareo-eubdlvlslon Informa¬ 
tion, then i.ome Investigation of switch contacts and oabllng might be undertaken 
In connection with the mechanical counter Proposal. 


HPS/og 


H, P„ Stabler 


* 
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